ABSTRACT In this paper, an accurate filtenna synthesis approach is investigated and verified for achieving the expected filtering response. The load-resistance flattening technique is carried out by attaching the shunt inductive/capacitive elements to cancel the unwanted parasitic element in the antenna model. The synthesis procedure was presented for a filtenna using a planar inverted-F antenna based on parallel-coupled lines. Furthermore, to economize the circuit area, hairpin resonators are adopted to replace the straight resonators in the PCL filtenna, and a tapped-feed structure is utilized for feeding. Thorough investigation reveals that conventional tapped-line feeds based on a singly loaded resonator adopted in a generic coupled-resonator filter requires careful modification to retrieve zero-reactance at the operation frequency. For verification, two bandpass filters were designed with hairpin uniform-impedance and stepped-impedance resonators, thereby validating the practicality of the proposed impedance-transforming tapped feeds. Eventually, the load-resistance flattening and impedance-transforming tapped-feed techniques are combined for developing an accurate filtenna synthesis approach. Two filtennas taking advantage of inverted-L and slotline antennas were designed and fabricated, thus, validating the feasibility of the proposed approach.
I. INTRODUCTION
IN an radio-frequency (RF) front-end circuit, there are usually bandpass filters adjacent to antennas for blocking the unwanted interferences or suppressing adjacent channels as shown in Fig. 1 . The input/output (I/O) filter ports are commonly designed with Z 0 (usually 50 ) for convenience. The conventional approach of designing antennas consists of adjusting the dimensions to make them resonate at the operation frequency f 0 as well as tuning their input resistance to match the output resistance of the preceding stage [1] , [2] . However, antenna resistance is limited by the nature of the radiation and may not be easily controlled to the demanded level. Therefore, the antenna resonance is unused. One may take advantage of an impedance transformer between the antenna and filter but sacrifice the insertion loss. If one can carry out the integrated design of the antenna and filter (see Fig. 2 ) according to the approach of a coupled-resonator filter, it is not necessary to separately design the antenna and filter for matching Z 0 . A significant amount of research has been conducted to design the so-called filtering antennas (filtennas) with dual function [3] - [8] by elaborately including the antenna resonance in the filter. Extended studies of duplex filtennas [9] , dualband filtennas [10] , and filtenna arrays [11] , [12] have been published. In [3] , it was the first time that the filtenna synthesis was proposed by taking advantage of the antenna lumped-element model. However, in the design procedure, three key assumptions, which will be discussed in detail later, are imposed in order to make the synthesis workable. The coupled-resonator filter theory by virtue of full-wave electromagnetic (EM) simulation for extracting the required coupling coefficients and input/output external quality factors is employed in [7] , but the authors assumed the output external quality factor of the filtenna Q EO to be approximately equal to the antenna radiation quality factor Q r to ease the extraction, thus leading to certain inaccuracy. An approach similar to [7] without demanding the antenna model is used in realizing a patch antenna including filtering functionality [8] . The electrically small monopole filtennas are based on capacitively loaded resonators [13] . Nevertheless, to the best of the authors' knowledge, the flatness of the antenna input resistance vs. frequency has not been considered in filtenna design. Intuitively, the dispersion characteristics of the antenna resistance may inevitably affect the filtering performance, and an accurate filtenna design procedure is demanded for achieving the expected filtering response.
Moreover, the feeding structures play an important role in designing the components with filtering characteristics. There are several approaches, such as the tapped-line [14] , edge-coupled [15] , [16] , broadside-coupled [17] - [19] , endcoupled [20] , [21] feeds and so on, for implementing the feeding function. The tapped-line feeds were adopted in filtennas [8] and [13] , and they have been widely exploited for decades in designing a considerable number of coupledresonator bandpass filters (BPFs) [22] - [25] due to their usage simplicity. The design theory of tapped-line feeds applicable for half-wave (λ/2) open-circuited (OC) uniform-impedance resonators (UIRs) or stepped-impedance resonators (SIRs) is based on a singly loaded resonator [14] , [26] and will be proven to not be accurate enough hereafter in this study. Although Y-TF feeds suitable for the bandpass filters using short-circuited resonators were proposed in [27] , no corresponding work on accurate tapped feeds for λ/2 OC-SIRs can be found in the literature.
In this study, to more accurately design the filtenna, a compensation technique for flattening the load resistance vs. frequency is adopted in designing a filtering antenna.
In addition, accurate tapped feeds with impedance transforming capability applicable in those filters/filtennas utilizing λ/2 OC-SIRs are proposed to tackle the long-standing inaccuracy issue in the field of coupled-resonator filters. Based on load-resistance flattening and the impedancetransforming tapped-feed techniques, an accurate filtenna synthesis approach is developed. 
II. REVISITED FILTENNA DESIGN BASED ON LOAD-RESISTANCE FLATTENING
The planar inverted-F antenna (PIFA) is extensively applied in miniaturized wireless devices due to its low profile, quasi-omnidirectional pattern, and ease in matching. Shown in Fig. 3(a) is the layout of a typical PIFA, and Fig. 3(b) illustrates the input impedance Z A de-embedded to the cutting edge of the ground plane. The equivalent-circuit model consists of a series RLC resonators shunted by an inductor to ground. The resistance R ant is the sum of the ohmic-loss resistance R loss and the radiation resistance R rad . The two specific frequencies are determined by
where f (= ω/2π) is defined as the frequency variable, f A is the zero-reactance frequency of the overall antenna, and f ser denotes the series resonant frequency of the embedded series RLC. As shown in Fig. 4(a) , the PIFA intrinsically possesses rapidly changing input resistance R A (−65 /GHz) around the zero-reactance frequency of f A = 2.45 GHz and, thus, can hardly be considered as a simple load resistor among the passband. Obviously, the additional inductor complicates the antenna resonant behavior. In designing a filtenna using an antenna as its load, it is straightforward to adjust the frequency f A equal to the filter center frequency f 0 . However, the significantly dispersive input impedance Z A , especially the real part expressed as
may jeopardize the designated passband. In other words, the better strategy is to control f ser = f 0 and try to eliminate the effect of inductor L p . By attaching a C p capacitor in parallel with L p , as shown in Fig. 4(b) , the real part R AC of the compensated input impedance Z AC vs. frequency is significantly flattened, thus showing zero slope at f 0 . Consequently, the compensated antenna possesses better characteristics for the filtenna purpose. [15] (see Fig. 6 ). Note that the image impedances
of all the open-ended parallel-coupled line (OE-PCL) sections are identical to maintain uniform resonators. Therefore, the filtenna is composed of two OC-UIRs and one composite antenna resonator. The susceptance slope parameters of resonators 1 and 2 are given by
The input admittance seen from the LHS of resonator 3 around the center frequency f = f 0 + f can be approximated as
The susceptance slope parameter b 3L can be calculated by
Furthermore, according to Fig. 5 , the input impedance Z 3R seen from the RHS of resonator 3 consists of a series LC resonator cascaded by an open-ended λ/4 resonator. The reactance slope parameter x 3R seen from the RHS of resonator 3 can be calculated by the sum of the two individual resonators
thus forming the so-called composite antenna resonator. It is interesting to note that resonator 3 behaves as a series resonator when observed from the RHS but alternatively as a parallel resonator when observed from the LHS. Eventually, based on [28] , the inverter values are expressed as
, and
where g i denotes the element values of the lowpass prototype and is the fractional bandwidth. For design convenience, Z 2 can be selected equal to R S making G TS = G S . With regard to the loaded antenna, the corresponding external quality factor Q EO related to series resonance with respect to R ant is
where
is the radiation quality factor of the compensated antenna. Note that Q ant and R ant are both relevant to antenna size and thus have to be extracted with the aid of the full-wave EM simulator. In this study, the fullwave simulations and optimizations were performed using the ANSYS HFSS while the circuit-level simulations are carried out by NI AWR Design Environment. Fig. 7 exhibits the design graph of the extracted external quality factor Q EO 
FIGURE 7.
Design graph of the extracted output external quality factor Q EO and corresponding fractional bandwidth FBW versus length L 1 based on (8) .
and the fractional bandwidth versus length L 1 . The realizable bandwidth ranges from 7.7% to 13.4% as L 1 ranges from 6 to 10 mm. Relatively, the patch antenna lacks of flexibility in dimension selection thus the designable bandwidth in filtenna application may be restricted. For demonstration, two filtennas, i.e., PIFA1 and PIFA2, are realized based on two different approaches f ser = f 0 with flattening and f A = f 0 without flattening, respectively, to reveal the necessity of flattened load resistance. Both filtennas are designed for a 3rd-order Chebyshev response with ripple = 0.1 dB, = 9.1%, and source impedance R S = 50 . The corresponding element values of the lowpass prototype are [g 0 , g 1 , g 2 , g 3 , and g 4 ] = [1.0, 1.0316, 1.1474, 1.0316, and 1.0]. The output external quality factor Q EO relevant to the physical dimension L 1 is extracted and calculated according to Fig. 7 . The antenna model parameters adopted in the two approaches are summarized in Table 1 . To clearly reveal the influence of flattening the load resistance, a PIFA2 filtenna is designed using a PIFA without flattening (f A = f 0 = 2.45 GHz) in contrast to the PIFA1 filtenna. Fig. 8 (b) compares the scattering parameters transformed from the ideal coupling matrix to the circuit-level simulated results. The passband degrades significantly on the lower band edge due to the increasing resistance slope thus causing bandwidth shrinkage and an asymmetric response. The influence of the resistance unflatness will inevitably become more serious for filtennas with wider bandwidth. The PIFA1 filtenna is then implemented on a RO4003C substrate (ε r = 3.55, h = 0.813 mm, tanδ = 0.0027) with its circuit photograph exhibited in Fig. 9 . The VOLUME 6, 2018 measured and simulated radiation patterns on the xz-and yzplanes are illustrated in Fig. 10 (a). The fabricated filtenna possesses the patterns of gain G ϕ in the yz-plane and the total gain in the xz-plane both nearly omni-directional. The EM-simulated/measured reflection coefficients and the realized antenna gains are shown in Fig. 10(b) . The minimum RL among the passband is 21.3 dB, whereas the 15-dB RL bandwidth from 2.342 to 2.538 GHz is related to a ripple-FBW of 8.1%. The bandwidth shrinkage may be attributed to the etching resolution (line width/spacing) of the adopted PCB process. The simulated and measured antenna gains in the +z direction are approximately 0.608 and 0.604 dBi, respectively. The gain drops below −20 dBi at frequencies below 2.24 GHz or above 2.71 GHz because of the integrated filter. The measured results are well predicted by the EM simulation in terms of the passband RL ripple and antenna gain.
Notably, in Chuang's work [3] , important contributions were presented, but three assumptions were made to make their synthesis possible: 1) the antenna quality factor is roughly used to estimate the FBW, 2) the symmetric twoport PCL section adjacent to the antenna is modeled as an asymmetric network composed of two TL sections with different characteristic impedance Z 0 and Z a , and 3) the parasitic capacitor C g in Fig. 4 of [2] is considered ignorable after circuit transformation. For the 1st assumption, through (8), the output Q EO depends not only on the antenna but also on the λ/4 TL resonator. With regard to the 2nd assumption, it has been proven that using an asymmetric network to model a symmetric structure is physically not appropriate [29] . For the 3rd assumption, the C g can roughly be ignored at the center frequency and otherwise found not negligible due to its influence on the antenna frequency response. On the other hand, a thorough synthesis procedure has been proposed in this section without necessitating the three assumptions. Most important of all, the simple analytical design formulas are derived and can be easily extended to N th-order filtenna design.
III. HAIRPIN FILTER BASED ON ACCURATE IMPEDANCE-TRANSFORMING TAPPED FEEDS
The horizontal dimension of the filtenna utilizing PCL sections can be further miniaturized by using hairpin resonators [30] . Shown in Fig. 11(a) is the sample layout of a conventional 3rd-order hairpin coupled-resonator BPF. The interstage couplings are achieved by open-ended PCLs, whereas the I/O feeds are realized by tapped lines. Taking advantage of the tapped-line feeds, one may more flexibly select the resonator impedance without being restricted by the end PCL section adjacent to the input port. The schematic circuit is given in Fig. 11 (b) and deserves careful investigation. 
A. PARALLEL COUPLED-LINE SECTION
The coupling structure between resonators consists of the OE-PCL sections. Among the PCL filters, each i-th PCL section PCL i in Fig. 12 of even-/odd-mode characteristic impedances, Z 0e and Z 0o , used for interstage coupling can be modeled by an impedance inverter attached to two series open-circuited stubs [28] . By providing the coupled length θ Ci , the preferable reference impedance Z si , and the inverter value K i from the filter parameters, the Z 0e and Z 0o of i-th PCL section are available as
The i-th inverter is determined by both the length θ ci and the
24572 VOLUME 6, 2018 Based on (10) , an auxiliary graph is drawn in Fig. 13 using Z si and K i as parameters for demonstration of the impedances (Z 0ei , Z 0oi ) of the i-th PCL section with predetermined coupled length θ ci = 70 • . Note that this graph can be easily redrawn under an arbitrarily selected coupled length. 
B. DISCUSSION OF GENERIC BPFS USING HAIRPIN UIRS WITH CONVENTIONAL TAPPED-LINE FEEDS
For the conventional hairpin coupled-resonator filter using UIRs with the topology as shown in Fig. 11 , the electrical lengths must fulfill the following conditions to ensure resonance of each isolated resonator
Based on the typical design approach of coupled-resonator filters, the I/O feeds and the interstage couplings are independently designed as follows. The tapped position θ M 1 = θ E can be calculated from the singly loaded resonator (G S = 1/R S ) [14] .
With regard to the coupling between resonators depicted in Fig. 12 , the required impedance inverter values K 1 and K 2 can be expressed as
where the reactance slope parameter of the resonator is
In accordance with (9)- (14), this conventional hairpin filter can be designed. By applying Z R = 50 as the resonator transmission line (TLIN) impedance, a microstrip 3rd-order filter at f 0 = 2.45 GHz is designed for a 0.04321-dBripple Chebyshev response with = 5%. The electrical parameters are x i = 88.944 and K 12 = K 23 = 4.588 . The corresponding Z 0e and Z 0o of the PCL section can be found through Fig. 13 . The calculated electrical parameters are listed in Table 2 as the ''Conv.'' row, whereas the circuitlevel simulated results are shown in Fig. 14 . Obviously, the passband response of the conventional hairpin filter deviates significantly from ideal one. This is the reason why a coupled-resonator filter demands unexpected dimension tuning even when based exactly on the conventional approach, which means that the conventional design approach requires appropriate modification.
FIGURE 14.
Comparison of the S-parameters generated from the circuit simulation using Fig. 11(b) (Conv) and those transformed from the coupling matrix (Matrix). Fig. 15 exhibits the revised version of the PCL coupledresonator filter using the hairpin SIRs with the adopted VOLUME 6, 2018 impedance-transforming tapped feeds depicted in Fig. 16 . The inverter-based open-wire equivalent circuit is shown in Fig. 17 . As discussed in Sec. II.A, a different viewpoint on the tapped-feed structure is necessary to acquire a satisfactory filter response. The input impedance of the tapped feed structure for a specified source resistance R S can be expressed as
C. ACCURATE IMPEDANCE-TRANSFORMING TAPPED FEEDS
with Y 1P = 1/Z 1P given as
To ensure that the effective resonator 1 resonates at f 0 , it is essential to force the input reactances seen from both its sides (LHS and RHS) to simultaneously vanish at f 0 , i.e., X 1L (f 0 ) = X 1R (f 0 ) = 0. The above condition can be fulfilled by letting X TI (f 0 ) = 0. As a result, the impedance-transforming tappedfeed structure also contributes to the reactance slope for effective resonator 1. The susceptance slope of X TI (≡ X 1L ) can be expressed as
According to Fig. 17 , the overall reactance observed from the LHS of resonator 1 can be treated as the series combination of the series-LC tank contributed by the series-resonant source and the λ/4 open-circuited SIR. The LHS reactance slope parameter for resonator 1 can be formulated as
where x" 1L represents the LHS susceptance slope parameter of the λ/4 open-circuited SIR shown in Fig. 17 that can be analytically evaluated by
In addition, the RHS reactance slope parameter x 1R for resonator 1 obtained by differentiating the input reactance X 1R is
Based on the design approach of the inverter-based coupled-resonator bandpass filter, the input coupling has to satisfy the following conditions
Eventually, the following simultaneous equations for solving θ M 1 and θ M 2 at f 0 with the given R S are summarized as
Similarly, the equations for the arbitrary resonant load port with given R L are
. With regard to the resonator N , the RHS reactance slope parameter x NR = x NR + x NR can be similarly derived as x 1L in (17) , whereas x NL can be similarly derived as x 1R in (19) . To clearly reveal the effect of adopting the proposed impedance-transforming tapped feed, consider a loaded resonator designed for external quality factor Q E = 17.032 and R S = 50 . The SIR parameters are given as Z 1 = 90 and Z 2 = 45 , and θ 1 = θ 2 = 35.2644 • . By setting θ U = θ 2 and Z M = Z 1 , the required tapped-line feeding lengths are calculated based on both the modified and conventional approaches, and the simulated Z TI for the two approaches are shown in Fig. 18 . Apparently, the non-vanishing imaginary part X TI at f 0 based on the circuit using the conventional approach will detune resonator 1 and thus degrade the filter passband response as observed in Fig. 14 .
Based on (9)-(22), the design graphs are drawn in Fig. 19 for finding the lengths of θ M 1 and θ M 2 . The proposed impedance-transforming tapped feed has Q EI = Q E and R S = R 0 as parameters. Fig. 19(a) is calculated for the BPF using hairpin UIRs (Z 1 = 50 , Z 2 = 50 , Fig. 19(b) is for the BPF using hairpin SIRs (Z 1 = 90 , 24574 VOLUME 6, 2018 
. The required θ M 1 and θ M 2 can be readily acquired by locating the assigned (Q E , R 0 ) in the figure.
D. DESIGN OF AN INVERTER-BASED COUPLED-RESONATOR FILTER
To design the filter presented in Fig. 15 , it is essential to calculate the couplings and external quality factors according to the filter specification (center frequency f 0 , fractional bandwidth , filter order N , and lowpass prototype response). Among the filter structure, the impedancetransforming tapped feeds are used to achieve I/O feedings, whereas the open-ended PCL sections are adopted to realize the interstage couplings. The two end resonators with tapped feeds satisfy
where x 1L denotes the reactance slope parameter of outer resonator 1 seen from the LHS and x NR denotes the reactance slope parameter of outer resonator N seen from the RHS. The electrical lengths θ M 1 and θ M 2 of the tapped feeds related to input and output ports can be solved for based on (23) . Furthermore, the values of the interstage impedance inverters can be evaluated by
and where x i (= x SIR ) denotes the reactance slope parameter of the inner i-th SIRs (i = 2, . . . , N − 2) as depicted in Fig. 20 . x SIR can be analytically evaluated by
. (25) under the resonant condition of the inner resonator
VOLUME 6, 2018 With (23)- (26), the proposed synthesis procedure can be readily adopted in designing a filter with higher order by cascading more PCL sections. 
E. IMPLEMENTATION OF TWO SAMPLE FILTERS BASED ON THE PROPOSED IMPEDANCE-TRANSFORMING TAPPED-LINE FEEDS
For demonstration, two sample filters, i.e., BPF1-UIR and BPF2-SIR, using hairpin resonators are designed with f 0 = 2.45 GHz, and = 5% for a 0. Table 3 . From the calculated parameters, it is verified that the proposed impedance-transforming tapped feeds possess different line lengths than the conventional approach. The circuit-level simulated scattering parameters of the two proposed filters in comparison with the filter based on the conventional approach are shown in Fig. 21 . More expected results are achieved in both examples through the proposed impedance transforming tapped feeds. The slight passband asymmetry and bandwidth shrinkage in both filters are caused for two reasons: 1) the dispersion effects of distributed components and 2) the structure-inherent transmission zero (TZ) contributed by the open-ended stub related to the tapped feed occurring at frequencies on the upper band that can be observed in the following measured results. The two modified filters are then both implemented on a RO4003C substrate (ε r = 3.55, h = 0.813 mm, tanδ = 0.0027). The narrowband measured and simulated results of the two BPFs are presented in Fig. 22 . For the BPF1-UIR, the measured results are a center frequency of 2.45 GHz, the minimum passband IL of 1.82 dB, the worst RL in the passband of 18.37 dB, the 18.37-dB-RL bandwidth of approximately 5.26%, and the 3 dB-IL bandwidth of 7.74%. For the BPF2-SIR, the measured results are a center frequency of 2.46 GHz, the minimum passband IL of 2.14 dB, the worst RL in the passband of 22.25 dB, the 20-dB-RL bandwidth of approximately 5.03%, and the 3 dB-IL bandwidth of 7.95%. Note that the measured ILs of the two proposed BPFs are comparable with those coupled-resonator filters with similar bandwidth published in the literature. The wideband measured and simulated S 21 for both filters are shown in Fig. 23 . The transmission zero occurring approximately at 3 GHz in both cases contributed by the open-ended stub of the tapped feeds causes passband asymmetry, thus explaining the asymmetric RL ripple observed in the circuitlevel simulated results (see Fig. 21 ). The measured results coincide well with the EM-simulated results for both filters, thus validating the feasibility of the proposed impedancetransforming tapped feeds. 
IV. SYNTHESIS OF THE FILTENNA WITH TAPPED-LINE FEEDS
The filter synthesis approach mentioned in Sec. III can be extended to the filtenna design by treating the antenna as a partial resonator with a radiation resistor constituting the end resonator. An N th-order filtenna composed of (N −1) PCL sections based on the filter presented in Fig. 15 is depicted in Fig. 24 with θ U = θ 2 and Z U = Z 1 to simplify the design. For convenience, let us treat the antenna in the transmitting operation and thus the radiation resistor acts as the output load. Shown in Fig. 25 is a sample antenna model with an additional compensation inductor L d for demonstration. By utilizing the compensated antenna (Z AC = R AC + jX AC ) instead of the series resonant load (Z TO = R TO + jX TO ), the design can be carried out by combining the approaches developed in Secs. II and III. Due to the effect of the compensation inductor, we have Z AC equal to Z ant = R ant + jX ant at the center frequency f 0 . The output series resonant load along with the partial λ/4 resonator constitute the end composite antenna resonator with where
The derived formulas facilitate the determination of the implemented filtenna realizable bandwidth when using different types of antennas. For demonstration, assume all the transmission lines in the equivalent circuit (Fig. 24) are of 50 characteristic impedance and that the filtenna possesses a 3rd-order 0.1-dB-ripple Chebyshev response. The reactance slope parameter of the partial λ/4 resonator x N R is 39.27 . The design graph for determining the bandwidth with known (R ant , L ant ) and predetermined filter response is drawn in Fig. 27 . After finding the element values of the antenna model with respect to the physical dimensions using the EM simulator, the corresponding curve of L ant vs. R ant can then be added to the same figure for finding the related FBW.
V. TWO FILTENNA DESIGN EXAMPLES
Two filtenna types are designed and implemented in this section according to the synthesis procedure described in Sec. IV. Both filtennas are implemented on the 0.508-mmthick RO4003c substrate (ε r = 3.55, tanδ = 0.0027). Note that to provide sufficiently large coupling between resonators, the UIRs are adopted hereafter for longer coupling edges.
A. FILTENNA USING INVERTED-L ANTENNA AND HAIRPIN UIRS Fig. 26 depicts the filtenna using an inverted-L antenna (ILA) with flattened load resistance and hairpin UIRs. The ILA can be primarily formed from the hairpin filter shown in Fig. 11(a) by removing the port-2 feed line and etching the partial ground under resonator 3. The equivalent circuit of the ILA is identical to the antenna model shown in IV. The equivalent circuit of the utilized compensated ILA is displayed in Fig. 28(a) , whereas its simulated input impedances Z AC and the uncompensated counterpart Z A are compared in Fig. 28(b) . The short-ended stub (Z st = 110 , θ st = 55.56 • ) is adopted to compensate the shunt capacitor inherently embedded in the original ILA model for flattening the antenna resistance vs. frequency, and the effect is apparently observable from Fig. 28(b) . The extracted (R ant , L ant ) with respect to the antenna dimension L 1 are included in the design graph (Fig. 27) . Based on the design graph, one may pick Circuit-level two-port scattering parameters of the filtenna in Fig. 24 using the equivalent circuit of the compensated ILA in Fig. 28 by treating R S and R ant as input and output ports, respectively. Fig. 30 illustrates the simulated and measured radiation patterns at 2.45 GHz. The pattern of co-polarization on the yz-plane is omni-directional as expected. The EM-simulated/measured reflection coefficients, as well as the antenna realized gain vs. frequency, are presented in Fig. 31(a) . The minimum RL among the passband is 17.6 dB, whereas the 15-dB RL bandwidth is from 2.342 to 2.542 GHz related to a ripple-FBW of 8.2%. The simulated and measured antenna gains in the +z direction are approximately 1.022 and 0.79 dBi, respectively, whereas the gain drops below −20 dBi at frequencies below 2.16 GHz or above 2.73 GHz. It is observed that the antenna gain has satisfactory frequency selectivity due to the integrated filter. Fig. 31(b) shows the wideband gain vs. frequency.
B. FILTENNA USING MICROSTRIP-FED SLA AND HAIRPIN UIRS
Recently, the slotline antenna (SLA) [31] has become popular on mobile devices due to the limited design area left for antennas and the trend of using metal cases. Fig. 32 exhibits the layout and photograph of the filtenna using a microstripfed SLA with the equivalent model shown in the inset. The 3rd-order filtenna is designed for a Chebyshev 0.04321 dBripple response with = 9.4%. The hairpin UIRs with Z 1 = 50 , Z 2 = 50, θ 1 = 15 • , and θ 2 = 75 • are selected and the coupled lengths of two PCL sections are 75 • . To achieve The substrate size is 55 × 80 mm 2 . Fig. 33 illustrates the simulated and measured radiation gain patterns. The EM-simulated and measured reflection coefficients and antenna realized gain in the +z direction (ϕ = 0 • , θ = 0 • ) vs. frequency are presented in Fig. 34(a) . The minimum RL among the passband is 18.5 dB, whereas the 15-dB RL bandwidth is from 2.333 to 2.539 GHz related to a ripple-FBW of 8.5%. The bandwidth shrinkage may be attributed to the etching resolution of the PCB process. The gain drops lower than −20 dBi at frequencies below 2.12 GHz or above 2.76 GHz, whereas the simulated and measured antenna gains in the +z direction are around -0.301 and 0.118 dBi, respectively. The wideband antenna gains vs. frequency are depicted in Fig. 34(b) . The simulations and measurements show satisfactory agreement in terms of frequency response and radiation pattern. Table 4 summarizes the performance comparisons between the proposed filtennas and those previous works. The proposed accurate filtenna synthesis approach was utilized in designing three different types of filtennas featuring satisfactory responses in terms of return loss, designable bandwidth, and passband selectivity.
VI. CONCLUSION
In this paper, an accurate filtenna synthesis approach with elaborate design formulas is presented. Compensated antennas are utilized for achieving flattened input resistance, and thus, the filtenna response agrees well with the ideal filter. The load-resistance flattening technique is first verified in a filtenna based on PCL sections using a PIFA. Furthermore, to miniaturize the filtenna size, hairpin resonators and impedance-transforming tapped feeds are incorporated in the design. To validate the proposed modified tapped feeds, two hairpin BPFs with UIRs and with SIRs are designed and implemented. In comparison with conventional tappedline feeds, the proposed approach ensures the feed structure zero reactance occurs exactly at the filter center frequency guaranteeing the passband performance. By systematically combining the load-resistance flattening technique and the impedance-transforming tapped feeds, an accurate filtenna synthesis procedure is established, and thorough design formulas are derived. Two filtennas using an ILA and an SLA are designed and implemented. To sum up, this study has developed the synthesis procedure applicable for filtennas utilizing several commonly used types of antennas. SHENG-FUH CHANG received the B.S. and M.S. degrees in communications engineering from National Chiao-Tung University, Taiwan, in 1982 and 1984, respectively, and the Ph.D. degree in electrical engineering from the University of Wisconsin at Madison in 1991. He was with the Center for Plasma Theory and Computation, University of Wisconsin at Madison, involved in high-power microwave and millimeterwave sources, including free-electron lasers and Cerenkov masers. In 1992, he joined Hyton Technology Corporation, where he was e for C-and Ku-band satellite low-noise down-converter and multiplechannel multipoint distribution system transceivers. In 1994, he joined the Department of Electrical Engineering, National Chung Cheng University, Taiwan, where he is currently a Full Professor with the Department of Electrical Engineering and the Department of Communications Engineering, and the Director of the Center for Telecommunication Research. His research interests include micro-power electromagnetic vital signal detection, wireless indoor locating techniques, multiantenna beamforming systems, and microwave/millimeter-wave monolithic integrated circuits for broadband wireless RF transceivers.
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